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 Thermal motion of the surface atoms will lead to a decrease in photoemission intensity, 
while surface segregation may result in an increase of some photoemission intensities. For 
In4Se3(001), both effects are seen.  The Debye–Waller factor plot, based on the temperature 
dependent X-ray photoemission spectroscopy (XPS) measurements on In4Se3(001), suggests an 
upper bound of 203 ± 6 K for the effective Debye temperature, based on the surface component 
of the In 3d5/2 core-level. Indium is found to segregate to selvedge (subsurface region) of the 
crystal. 
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Transition metal trichalcogenides (TMTs), of the form MX3 (M=Ti, Ta, Zr, Hf, etc.; X= 
S, Se, TE), are 2D materials consisting of 1D chains that are atomically precise in nature [1-3]. 
Due to the presence of these 1D chains, as their structural unit, these TMTs can exist without 
dangling bond defects [2,3], thus drawing increased research interest in the field of low-
dimensional materials. Edge defects and disorders, which are suppressed in the MX3 type TMTs, 
are prevalent in dichalcogenides of transition metals (TMDs) and graphene-based materials 
causing some undesired properties (which are electronic in nature) that show up with decreases in 
the width of the semiconductor channel [4-13]. Whether other TMTs, like In4Se3, are of interest 
and possess the properties suitable for devices at transistor widths in the region of 10 nm depends 
on the facility with which such materials can be manipulated as a 2D material, and adapted to large 
scale manufacturing. Among the issues of concern are the possibily of significant influence of 
phonon scattering on carrier mobility (as was observed for TiS3 [14]) and their phase stability. 
In4Se3 is a semiconducting material with a layered structure [15-22]. The intralayer 
interactions in this system are of the strong ionic-covalent kind, whereas the interlayer 
interactions are of the weaker kind. This system’s (001) surface is found to be corrugated (and 
not smooth) [15], which results in structures having quasi-1D chains at the semiconducting 
surface of In4Se3 (001) system. Additionally, this system is proven to have a band structure that 
is extremely anisotropic in nature [16–18]; and is found to be dominated by multivalent indium 
[(In3)5+] bonded with selenium through covalent-ionic bonds. Furthermore, its band gap – which 
is of the direct kind – is comparable to that of silicon’s (1.1 eV) as it lies between a value of 1.1 
to 1.3 eV [14–16]. However, the transport measurements dictate that the band gap is about 0.6 
eV [18]. Valence band is discovered to be placed well below the Fermi level, as is evident from 
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the angle resolved valence band photoemission spectroscopy data [15–17,19]. Thus, it is 
suggested that In4Se3(001) is an n-type semiconductor, making it consistent with the transistor 
measurements [20]. Moreover, the thermoelectric properties possessed by this system make it 
quite interesting [23–30]. Other non-layered indium selenides have also been investigated for 
thermoelectric properties [31-35]. 
A recent study [20] indicated that the In4Se3(001) surface terminates in In (as opposed to 
Se), which differed from the expected results of ground state density functional theory 
calculations. The possibility of In segregation was, however, by no means excluded in that study. 
Here, we probe the surface composition further and the effect of thermal motion at the 
In4Se3(001) surface. We have used temperature dependent X-ray photoemission spectroscopy 
(XPS) in order to investigate the effective Debye temperature (which is one of the key 
descriptive parameters for the dynamic motion of the atoms) of the core-level In 3d5/2 component 
at the system’s surface. 
 
2. Experimental Methods 
The In4Se3 crystals were grown using Czochralski method [15-19]. The (001) crystals are 
easily cleaved to obtain clean (001) surfaces, as the In4Se3 crystal structure is layered [15-22]. 
The In4Se3(001) crystals are single-phased and pure with the lattice constants matching the 
literature values of a = 15.290 Å, b = 12.307 Å, c = 4.081 Å, while the volume of the elementary 
cell V = 767.88(4) Å3 [21-22]. The cleaved crystals were examined using X-ray photoemission 
(XPS).  
The core level XPS measurements were carried out using a SPECS X-ray Al anode (hv = 
1486.6 eV) source and a hemispherical electron analyzer (PHI Model: 10-360) that has an 
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angular acceptance of ± 10º or more. All the measurements were performed under ultra-high 
vacuum (UHV). Samples were cooled between 240–300 K using a liquid nitrogen cryostat 
connected to the sample holder, as described in [36]. 
 
3. Results and discussion 
As discussed elsewhere [20], the XPS core level features for the In 3d5/2 contain two 
components at 445.4+0.1 eV, and 444.5+0.1 eV. These two In 3d5/2 core level photoemission 
features may be attributed to a shift in the surface-to-bulk core level binding energy [20]. These 
two components are indicated by the fittings to the photoemission core level features, as show in 
Figure 1. Figure 1 shows there is a decrease in XPS intensity of the surface In 3d5/2 core-level (at 
445.4+0.1 eV) with increasing temperature (from 240–300 K). This change in intensity for the 
surface In 3d5/2 core-level (at 445.4+0.1 eV) has been plotted in Fig. 2a. The XPS intensity of the 
In 3d5/2 core-level at a binding energy of 444.5+0.1 eV, associated with the bulk of In4Se3(001), 
was found to increase with increasing temperature (see Figures 1 and 2a). An increase in core 
level intensity, with increasing temperature, suggests an increase in the In concentration. 
Because this does not occur in the surface component, of the 3d5/2 core level, the segregation of 
indium must not be to the surface but to the near surface region, i.e. the selvedge layer or 
subsurface region. There is no significant change in low energy electron diffraction (LEED) over 
this range [37], so loss of indium from the surface leading to surface defects is unlikely. The bulk 
of the crystal is a significant reservoir for In, and we cannot preclude the possibility that the 
solubility for indium in the selvedge region changes with temperature. 
The decrease of intensity of the surface 3d5/2 core level could be, however, the result of 
large vibrational amplitudes of the In atoms at the surface. A key parameter for description of 
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thermal motion of surface atoms perpendicular to the crystal surface and parallel to the scattering 
vector (∆) is Debye–Waller scattering, characterized by an effective Debye temperature. The 
intensity of ejected electrons during XPS is then found to be an exponentially decaying function 
of absolute temperature, and it can be expressed as [36,38-39]: 
 = 
	()  
Here, () is the Debye–Waller factor and T is the absolute temperature of the system. For a 





As seen in Figure 2b, the intensity of the surface In 3d5/2 core-level (at 445.4+0.1 eV) 
photoemission feature follows the Debye–Waller model, unlike the bulk or selvedge In 3d5/2 
core-level component (at a binding energy of 444.5+0.1 eV). The effective Debye temperature of 
203 ± 6 K for the surface In 3d5/2 core-level, can be extracted from the linear fitting in Figure 2b. 
Since this measurement does not include the in-plane or anharmonic motions, this Debye 
temperature is only an effective Debye temperature and not the true Debye temperature. This 
value is significantly less than the effective Debye temperature of 377+20 K, extracted from 
temperature dependent LEED measurements in this temperature range [37]. The results are, 
nonetheless, consistent as the LEED is not perfectly surface sensitive and would have some 
subsurface contribution. 
 Because segregation of In to the subsurface or selvedge layer is indicated, from the bulk, 
the effective Debye temperature of 203+6 K for the surface In 3d5/2 core-level component can 
only be an upper bound, but the low value is consistent with a layered system with weaker 






In conclusion, the temperature dependent XPS measurements suggest that the In atoms 
on the surface of In4Se3(001) follow the Debye–Waller model while the In atoms in subsurface 
region do not. This violation of the Debye–Waller model [36-42], represented by increase in the 
surface component of the In 3d5/2 core-level XPS intensity with increasing temperature, implies 
that In segregates to the selvedge. Therefore, the extracted effective Debye temperature of 203 ± 
6 K for the surface In 3d5/2 core-level can only be an upper bound. These findings suggest 
phonon scattering may affect transport by reducing carrier mobility. There is now some reason to 
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Figure 1. The photoemission spectra of the In 3d5/2 core-level, with the surface and bulk 
component indicated. The X-ray photoemission spectra were taken at temperatures between 240 
and 300 K. Solid lines represent raw spectra, whereas triangles represent In 3d5/2 surface core-





Figure 2. a) The intensity temperature dependence of surface In 3d5/2 XPS core-level component 
(black) and selvedge/bulk In 3d5/2 XPS core-level feature (red) through the temperature range 
from 240–300 K. b) Debye–Waller factor plot (ln(I/I0) vs Temperature) for surface In 3d5/2 XPS 
core-level. The upper bound on the effective Debye temperature of 203 ± 6 K is indicated by the 
linear fit. 
